Drug resistance and the transferability of resistance were examined in 218 Enterococcus faecium clinical isolates obtained from inpatients of a Japanese university hospital between 1990 and 1999. One hundred and sixty one isolates (73.9%) were drug-resistant and 127 (58.2%) isolates were resistant to two or more drugs. Vancomycin resistant E. faecium (VRE) was not isolated. The transferability of drug-resistance to an E. faecium strain was examined by broth or filter mating. Six (12.5%) of the 48 gentamicin resistance traits, and fifty (50%) of the 101 erythromycin resistance traits were transferred by filter mating. The gentamicin resistance traits of five isolates and the erythromycin resistance traits of four isolates were transferred to the recipient strains by both broth mating and filter mating at a frequency of about 10 À6 and 10 À5 per donor cell, respectively. The five gentamicin resistant strains were shown to harbor pMG1-like plasmids on the basis of their Southern hybridization with pMG1 (65.1 kbp, Gm r ), which transfers efficiently between enterococci by broth mating. Each of the four erythromycin resistant transconjugants obtained by broth mating harbored a large conjugative plasmid (more than 100 kbp). The plasmids showed no homology with well-characterized enterococcal conjugative plasmids such as pAD1, pPD1, pAMb1, pIP501 and pMG1 by Southern hybridization. Of the erythromycin resistance traits that transferred only by filter mating, it was found that the erythromycin resistance trait was conferred by a 47-kbp transposable element that transferred from the chromosome of the donor strain to different sites within the pheromone responsive plasmid pAD1 (60 kbp) of the recipient strain, suggesting that the erythromycin resistance trait was encoded on a conjugative transposon, which was named Tn950.
Introduction
Enterococcus strains have become a significant cause of nosocomial infections and are the third most commonly isolated genus in clinical isolates [1] [2] [3] [4] [5] . Of the strains belonging to the enterococcus genus, Enterococcus faecalis and Enterococcus faecium are common isolates from human. The enterococcus strains isolated from clinical infection have multiple-drug resistance traits. The multiple-drug resistance traits of the enterococci provide these organisms with a selective advantage in the hospital environment. In particular, vancomycin (glycopeptide)-resistant enterococci (VRE or GRE) can cause serious problems for hospitalized patients due to the limited options for treatment of VRE infection [5] [6] [7] .
Selective pressure by drugs or a genetic transfer system is essential for the increase or spread of drug resistant organisms. E. faecium clinical isolates are usually multiple-resistant and VanA type vancomycin resistant enterococci (VRE) are predominately isolated from E. faecium [6, 7] . Transferable plasmids or mobile genetic elements encoding drug resistance traits have been reported in E. faecium. The VanA-type resistance determinant is encoded on transposon Tn1546, which is borne by non-conjugative or conjugative plasmids that transfer among enterococci by mating on a solid surface (filter mating) [8] [9] [10] . The VanB determinant of E. faecium is encoded on a large mobile genetic element on a conjugative transposon [11] [12] [13] .
Little is known about the systems of efficient plasmid transfer in E. faecium. Previously, we reported the first isolation of a new type of conjugative plasmid, named pMG1 [14] [15] [16] , which transfers efficiently among enterococcus strains during broth mating, carries gentamicin resistance trait, and was isolated from an E. faecium clinical isolate in Japan. Conjugative gentamicin resistance pMG1-like plasmids are widely disseminated in vancomycin resistant E. faecium clinical isolates in the US [15] , and are thought to contribute to the spread of other resistance traits, including vancomycin resistance in enterococci [15, 16] . In this report, we describe the drug resistance of E. faecium clinical isolates from a Japanese hospital, and the transferabilities of the drug resistance traits.
Materials and methods

Bacteria, plasmid and media
A total of 218 E. faecium clinical isolates were used in this study. These isolates were obtained from different patients who had been admitted to Gunma University Hospital, Maebashi, Japan, between January 1990 and December 1999. A total of 41 E. faecium isolates from the feces of different healthy students were used as control strains. The laboratory strains and plasmids used in this study were E. faecalis FA2-2 (Rif r , Fus r ) [17] , JH2SS (Str r , Spc r ) [18] , E. faecium BM4105RF (Rif r , Fus r ) [15] , BM4105SS (Str r , Spc r ) [15] , plasmid pMG1 (gentamicin resistances) (65.1 kbp) [14] , pAD1 [19] [20] [21] [22] [23] [24] [25] , pPD1 [26] [27] [28] , pAM373 [29] , pAMb1 [30] , pIP501 [31, 32] and pAM120 [33] . The media used in this study were Todd-Hewitt broth (THB) and agar plates (Difco Laboratories, Detroit, Mich.). The MIC of the antimicrobial drugs was determined according to the criteria of the National Committee for Clinical Laboratory Standards (NCCLS) using Mueller-Hinton agar. The antibiotic concentrations used in the selective plates were as follows (in micrograms per milliliter): ampicillin, 25; fosfomycin, 25; erythromycin, 25; streptomycin, 500; spectinomycin, 500; kanamycin, 500; gentamicin, 500; chloramphenicol, 25; tetracycline, 3; vancomycin, 3; rifampin, 25; and fusidic acid, 25.
Mating procedures
Broth mating and filter mating were performed as previously described [34] [35] [36] with a donor/recipient ratio of 1:10.
Isolation and manipulation of plasmid DNA
Plasmid DNA was isolated by the alkaline lysis method [37, 38] .
Pulsed-field gel electrophoresis of chromosomal DNA
Pulsed-field gel electrophoresis (PFGE) of chromosomal DNA isolated from the E. faecium strain was performed as previously described [3] . The gels were electrophoresed with a clamped homogeneous electric field (CHEF-DR II; Bio-Rad Laboratories, Richmond, CA).
Southern hybridization
Southern hybridization was performed with the digoxigenin-based non-radioisotope system of Boehringer GmbH (Mannheim, Germany), and all procedures were based on the manufacturerÕs manual and standard protocols [15, 37] .
Results and discussion
3.1. Drug resistance and the conjugative transfer of high-level erythromycin and gentamicin resistance As shown in Table 1 , 161 (73.9%) isolates were drug resistant and the remaining 57 (26.1%) isolates were drug susceptible. Tetracycline, erythromycin, and ampicillin resistant strains were isolated at relatively high frequencies of about 50-40% when compared to other drug resistances, and 48 (22.0%) of the isolates had a high level of resistance to gentamicin (more than 500 lg/ml MIC). No vancomycin resistant isolates were obtained.
Drug resistance among the isolates showed many different patterns and there was no predominant drug resistant pattern. Approximately 30% of the isolates were resistant to more than four drugs (data not shown).
To examine the transferability of the high-level erythromycin (more than 100 lg/ml MIC) and gentamicin resistances, broth mating or filter mating experiments were performed between each drug resistant isolate and the recipient strain E. faecium BM4105RF. Of the 48 gentamicin resistant isolates, five were transferred by broth mating and filter mating, and one was transferred by filter mating only. Of the 101 erythromycin resistant isolates, four were transferred by broth mating and filter mating, and 46 were transferred only by filter mating.
Gentamicin resistance conjugative plasmid
Each of the five gentamicin resistant strains, which were obtained by broth mating, were designated as GF112, GF113, EFG13, EFG16, and EFG17 and their drug resistance patterns were Em Gm Km Sm Tc, Ap Gm Sm Tc, Ap Em Gm Km Sm Tc, Ap Gm Km Sm Tc, and Ap Em Gm Km Sm Tc, respectively. Each gentamicin resistance trait was transferred to an E. faecium or E. faecalis strain at a frequency of 10 À5 -10 À7 per donor cell by broth mating or more than 10 0 per donor cell by filter mating. The transfer frequency more than 10 0 per donor cell resulted from that plasmid of all donor cells could transfer to recipient cell and plasmid of the transconjugant could re-transfer to recipient cell. The resistance of ten transconjugants of each strain was examined in detail. All of the transconjugants were resistant only to gentamicin. The gentamicin resistance conjugative plasmid pMG1 (65.1 kbp) was originally isolated from E. faecium GF113 [14] . The plasmids isolated from GF112, EFG13, EFG16, and EFG17 exhibited EcoRI restriction profiles almost identical to pMG1 and hybridized to pMG1 DNA (Fig. 1) . These data implied that these isolates harbored pMG1-like plasmids. Analysis by pulsed field gel electrophoresis of SmaIdigested chromosomal DNA from GF112, GF113, EFG13, EFG16 and EFG17 showed four different patterns (data not shown). Although the isolation frequency of gentamicin resistant strains harboring pMG1-like plasmids was still low, the pMG1-like plasmid could also disseminated to different strains in Japanese clinical isolates. EFG13 and EFG17 had identical restriction endonuclease digestion patterns. EFG13 and EFG17 were isolated from patients in the same ward who had overlapping periods of hospitalization, which implied that nosocomial transmission of the strain had occurred (data not shown).
Highly efficient transfer of high-level erythromycin resistance and the conjugative plasmid
There was a possibility that each of the four strains designated as EFG114, EFG115, EFG132 and EFG160 that transferred the high-level erythromycin resistance by broth mating were harboring the erythromycin resistance transferable plasmid. Each erythromycin resistance trait was transferred at a frequency of around 10 À4 -10 À5 per donor cell in broth, or around 10 À2 -10 À1 per donor cell in filter mating between E. faecium BM4105 strains.
The plasmid DNA was prepared from each erythromycin resistant (Em r ) transconjugant of BM4105RF and analyzed by agarose gel electrophoresis. Agarose gel electrophoresis produced many faint bands of EcoRI restriction fragments of each plasmid, which implied that the molecular sizes of the plasmid DNAs were relatively large and these were estimated to be more than 100 kbp (Fig. 2(a) ). It is probable that the conjugative erythromycin resistance plasmids are related to each other with respect to their DNA similarity. The plasmid DNA isolated from the EFG132 transconjugant was labeled for use as a probe in Southern hybridization (Fig.  2(b) ). The plasmid DNAs isolated from each of Em r transconjugants showed a similar EcoRI restriction profile with respect to the DNA fragments that hybridized to the EFG132 plasmid DNAs by Southern analysis. In particular, two plasmids isolated from the transconjugants of EFG132 and EFG160 showed an identical EcoRI restriction profile. The plasmid DNAs of the EFG132 transconjugant showed no homology with pMG1 (Fig. 2, lane 5) . Southern analysis was also performed using the plasmid DNAs of the EFG132 transconjugant and the pheromone-responsive plasmids pAD1, pPD1, broad-host-range conjugative plasmids pAMb1, pIP501, and conjugative transposon Tn916. It showed no homology with other plasmids or the conjugative transposon (data not shown), indicating that the plasmids might be another type of E. faecium conjugative plasmids. The high-level erythromycin resistances (more than 100 lg/ml MIC) of E. faecium are generally determined by erm genes such as ermB and ermA [39] . The genes encode 23S rRNA methyl transferase and locate on the mobile elements such as transposon.
Conjugative transfer of chromosome borne high-level erythromycin resistance
The erythromycin resistance of E. faecium T383 was transferred to the recipient strains E. faecalis FA2-2 and Enterococcus hirae ATCC9790RF at a frequency of 8.6 · 10 À8 and 5.7 · 10 À6 per donor cell by filter mating, respectively. The erythromycin resistance of each of the transconjugants was transferred between E. faecalis strains, between E. hirae and E. faecalis strains, and between E. hirae strains by filter mating at a frequency of approximately 10 À4 -10 À5 per donor cell. The parent strain E. faecium T383 contained several plasmids (data not shown). Of the erythromycin resistant E. faecalis FA2-2 transconjugants, one transconjugant that was named E. faecalis KT1 was found to be devoid of plasmid after repeated transfer experiments. The erythromycin resistance of E. faecalis KT1 was also transferred among enterococcus strains during filter mating at a frequency of around 10 À5 -10 À6 per donor cell. These results implied that the erythromycin resistance determinant might reside on a transposable element that is located on the bacterial chromosome and is capable of subsequent transfer by filter mating. The plasmid pAD1 (hemolysin/bacteriocin, 60 kbp) is an E. faecalis pheromone-responsive plasmid that transfers at high frequency to the E. faecalis recipient strain during broth mating at a frequency 10 À2 -10 0 [17, 20] . Filter mating experiments were performed using the erythromycin resistant transconjugant of E. faecalis JH2SS as a donor and E. faecalis FA2-2 harboring pAD1 plasmid as a recipient. Erythromycin resistant transconjugants of E. faecalis FA2-2 (pAD1) were obtained at a frequency of around 10 À5 per donor cell. If the erythromycin resistance transposable element was transposed to pAD1 and was linked with the plasmid, the resistance would be transferred to the recipient E. faecalis strain at a relatively high frequency as the pheromone responsive plasmid pAD1 in subsequent broth mating experiments. About 10% of the erythromycin resistant E. faecalis FA2-2 transconjugants was found to transfer erythromycin resistance to the recipient JH2SS strains at the relatively high frequency of 10
À2
per donor cell by broth mating, indicating linkage of the resistance determinant to the plasmid. Four erythromycin resistant E. faecalis FA2-2 (pAD1) transconjugants, which transferred the erythromycin resistance at relatively high frequency by subsequent broth mating, were chosen as representative strains.
Agarose gel electrophoresis analysis of pAD1 borne erythromycin resistance
The agarose gel electrophoresis profile of EcoRI-digested plasmid DNA from each of the four strains differed from that of pAD1, which consists of nine EcoRI fragments designated A to I with corresponding molecular sizes of 19.3, 15.4, 12.0, 4.1, 3.4, 2. 7, 1.5, 1.2 and 0.2 kbp (Fig. 3(a) ). Of the plasmids isolated from the four strains, one plasmid (pMG3001, Fig. 3(a) , lane 3) did not have the 1.2 kbp fragment corresponding to EcoRI fragment H of pAD1 and the other three (Fig.  3(a), lane 4) . The molecular sizes of the new fragments of pMG3003 were 28, 24, 9.0 and 1.7 kbp (Fig. 3(a) , lane 5). The molecular sizes of the new fragment of pMG3004 were 25, 24, 11.5 and 1.7 kbp (Fig. 3(a) , lane 6). The total molecular size of the four new fragments of each of these plasmids was about 62.5 kbp. These data indicated that EcoRI fragment B (15.4 kbp) of pAD1 had an insertion with molecular size of about 47 kbp, and that the 62.5 kbp fragment gave rise to new four EcoRI fragments in each of the three plasmids. Of the four new EcoRI fragments observed in each plasmid, two fragments with a molecular size of 24 and 1.7 kbp were found in each of the four plasmids. The other two EcoRI fragments varied in size depending on which of the four plasmids they originated from, indicating that each of the two fragments contained either one fragment that separated EcoRI fragment H (1.2 kbp) of pAD1 by insertion of the 47 kbp element in case of pMG3001, and separated EcoRI fragment B (15.4 kbp) of pAD1 by insertion of the 47 kbp element in case of pMG3002, pMG3003 and pMG3004, respectively. These results implied that the approximately 47 kbp element encoding erythromycin resistance had transposed from the chromosomal DNA to different sites within pAD1 by conjugation. The 47 kbp element, which will be subsequently referred to as conjugative transposon Tn950, had three EcoRI sites and the two internal EcoRI fragments were 1.7 and 24 kbp in size. The putative EcoRI sites of Tn950 are shown in Fig. 3(b) .
DNA-DNA hybridization
The conjugative transposon Tn916 (16 kbp, tetM) was originally isolated from E. faecalis DS16 and is a representative conjugative transposon. The transposon Tn917 (5 kbp, MLS r (macrolide-limcosamide-streptogramin B resistance)) was also originally isolated from E. faecalis DS16 and is a member of the Tn3 family. Tn917 encodes ermB gene conferring the high-level erythromycin resistance and Tn917-like transposon is widespread in enterococcus species. The plasmid pMG3005, that is another pAD1 derivative carrying an erythromycin resistance transposable element within the EcoRI fragment B, was studied for homology with Tn917 and Tn916. pAM225 is the pBR332-derived vector pBR325 carrying the pAD1 EcoRI fragment H::Tn917. pAM120 is the pBR322-derived vector pGL101 carrying the pAD1 EcoRI fragment F::Tn916. The plasmids pAM225 and pAM120 were used as probes for Tn917 and Tn916, respectively. pAM120 only hybridized to a 2.7 kbp EcoRI fragment of pMG3005 corresponding to EcoRI fragment F of pAD1, which is contained in pAM210 (Fig. 4(b) ). These results suggested that the erythromycin resistance transposable element did not contain any sequence homologous with Tn916. pAM225 hybridized to a 1.2-kbp EcoRI fragment of pMG3005 corresponding to EcoRI fragment H of pAD1, which is contained in pAM225, and also hybridized to the 24-kbp EcoRI fragment of pMG3005, which corresponds to the new EcoRI fragment of pMG3005, and the hybridization band was relatively faint (Fig.  4(c) ). The results suggested that the erythromycin resistance transposable element did not contain significant sequence homologous with Tn917 and the faint signal might indicate the similarity with the erythromycin resistance determinant (ermB gene) encoded on the transposon.
Conjugative transposons are genetic elements that move from the genome of a donor cell to the genome of a recipient bacterial cell by conjugation with cell to cell contact [36, 40, 41] . Conjugative transposons are widespread in gram-positive bacteria and play a significant role in the dissemination of antibiotic resistance and are particularly common in streptococci and enterococci [42] . Tn916 (18kbp) and Tn1545 (25.3 kbp) from E. faecalis and Streptococcus pneumoniae, respectively, are the best-studied examples of conjugative transposons in gram-positive bacteria and are representative of the conjugative transposons. They and many other conjugative transposons confer tetracycline resistance on their host strains by the tetM determinant that encodes a ribosome binding protein [42] . The conjugative transposons are excised and integrated via a reciprocal recombination mechanism using the Int and Xis proteins, which belong to lambda integrase family and are analogous to lambda Xis protein, respectively.
The 47 kbp transposable element did not contain any sequence homologous with that of the representative conjugative transposon Tn916. Although the nature of intercellular transfer of the 47 kbp element was unknown, these data implied that the 47 kbp element might be different type of conjugative transposon from the Tn916-like transposon.
